The self-thinning rule is fundamental in regulating maximum stocking and constructing stand density management diagrams. Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is the most important tree species and widely distributed across subtropical China. Yet, our understanding of how the self-thinning line of Chinese fir relates to climate is limited. Longitudinal data from 48 plots distributed in Fujian, Jiangxi, Guangxi, and Sichuan provinces were used to describe self-thinning for Chinese fir in relation to climate through first-order autoregressive (AR(1)) and nonlinear mixed effects (NLME) models. Results showed that self-thinning lines had steeper slopes for Chinese fir growing in areas with larger annual precipitation and summer mean maximum temperature but flatter slopes with higher mean annual temperature, degree-days below 0°C, and winter mean minimum temperature. Winter mean minimum temperature was the dominant climatic factor in shaping self-thinning lines, which suggests that temperature was the key climate driver that affects self-thinning of Chinese fir. In addition, differences of slopes for any two of the four sites were significant, except between the Guangxi and Sichuan sites. Our results will be useful for both the silvicultural practices and mitigation strategies of Chinese fir under climate change in south China.
Introduction
The self-thinning rule (Reineke 1933; Yoda 1963) , which describes mortality induced by competing for light, water, and nutrients among trees within even-aged stands, continues to attract forest researchers' attentions (Bi 2004; Comeau et al. 2010; Burkhart 2013; Zhang et al. 2016 ). In forestry, the self-thinning rule has been applied in many areas such as developing relative density indices (Drew and Flewelling 1979; Woodall et al. 2005) , predicting forest growth and yield (Smith and Hann 1986; Mäkelä et al. 2000; Pretzsch and Biber 2005) , and establishing yield tables (Mesfin and Sterba 1996; Lhotka and Loewenstein 2008) . The selfthinning rule is critical in constructing stand density management diagrams for many commercial species as a tool for deriving density-control schedules by management objective (Bégin et al. 2001; Newton 2012) .
Since the late 1980s, the debate has primarily focused on whether the slope of the self-thinning line is constant (Zeide 1987; Bi and Turvey 1997; Pretzsch 2006; Zhang et al. 2016) . A number of authors (Tang et al. 1995; Poage et al. 2007 ) support the notation that Reinke's slope is independent of site or environment conditions; however, this has been questioned by many authors. Several studies suggested that the slope of the self-thinning line may not be universally invariant and may vary depending on planting density (e.g., Turnblom and Burk 2000; VanderSchaaf and Burkhart 2007 ), site quality (e.g., Harper 1977; Pittman and Turnblom 2003; Weiskittel et al. 2009 ), nutrient availability (e.g., White and Solbrig 1980; Morris 2003; Reyes-Hernandez et al. 2013) , climate (e.g., Deng et al. 2006; Comeau et al. 2010; Kweon and Comeau 2017) , or biotic interactions (e.g., Zhang et al. 2011) . Pretzsch (2002) reported that substantial differences in environment may affect size-density relationships and self-thinning trends. Brunet-Navarro et al. (2016) reported that self-thinning lines were species specific and affected by climatic conditions. Determining maximum stand density is crucial for both silvicultural practices and developing forest growth models. Clear information about the self-thinning rule under given climatic conditions can significantly contribute to the development of regionally appropriate and more precise silvicultural guidelines for constructing stand density management diagrams (Burkhart 2013; Condés et al. 2017) .
Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.), a fastgrowing evergreen coniferous tree, is one of the most important tree species for timber production in south of China. As a native species, Chinese fir has been widely planted for over 1000 years. It produces high-quality timber with straight shape, high resistance of bending and cracking, and easily processing trait. Because of its commercial value, the planting area of Chinese fir in China is approximately 9.215 million ha, accounting for 28.54% of all forested land (Zhang et al. 2013) . Zhang et al. (2016) used a linearquadratic-linear segmented model to simulate the self-thinning trajectories of Chinese fir plantations and found that the selfthinning slope was invariant with changes in planting densities but different in sites of subtropical zones. There remains a need to explore whether the self-thinning trajectories of Chinese fir are influenced by climatic conditions. If self-thinning lines are sensitive to climatic variables, they could be used as a tool to evaluate climate change adaptation and mitigation strategies.
The next logical step to the study by Zhang et al. (2016) should be to see if climatic variables can be included in the self-thinning model, so that a single model can be used to describe stand behavior in various locations. The objectives of this study are as follows: (i) to determine whether the self-thinning trajectories of Chinese fir in south China are affected by climatic conditions; (ii) to identify the contributions of climatic factors to the self-thinning trajectories; (iii) to develop a climate-sensitive self-thinning model. The findings will be useful for developing both silvicultural practices and mitigation strategies of Chinese fir under climate change in south China.
Materials and methods

Study sites and self-thinning data
Data for this study were from Chinese fir stands established using bare-root seedlings in 1982 in three provinces (sites) in southern China: Fujian, Guangxi, and Sichuan (Fig. 1) , and in 1981 in Jiangxi province. The study site located in Guangxi has a southern subtropical climate, whereas other sites in Fujian, Jiangxi, and Sichuan have a middle subtropical climate. Most Chinese fir trees grow in the subtropical zone in southern China (Fig. 1) . In each site, the plots were planted in a randomized block design with repeated measurements with the following tree spacings: 2 m × 1.5 m (3333 trees·ha −1 ), 2 m × 1 m (5000 trees·ha −1 ), 1 m × 1.5 m (6667 trees·ha −1 ), and 1 m × 1 m (10 000 trees·ha −1 ). Each spacing level was replicated three times. There are 12 plots per site, i.e., 4 spacement × 3 replications. Each plot comprised a 20 m × 30 m area and a buffer zone consisting of two rows of similarly treated trees surrounding each plot. Diameters at breast height (1.3 m, DBH) of all trees in the plots were measured after tree heights reached 1.3 m in the first winter and every 2 or 3 years afterward. In the winter of 1998, there was a snow storm in Jiangxi, resulting in numerous dead trees. We therefore excluded the data after 1999 from Jiangxi. The trajectories of stand density in terms of number of trees per hectare (N) and quadratic mean diameter (Q) are shown for each site in Fig. 2 , and the summary statistics for Q and N by site are described in Table 1 .
Candidate climate variables
Each site was characterized by a set of climatic variables: minimum, mean and maximum mean monthly temperatures, mean warmest and coldest monthly temperatures, total and seasonal precipitation, etc. Because real climate data of study sites were lacking, we obtained these variables across the sites based on ClimateAP (Wang et al. 2012) . ClimateAP is a climate data downscaling tool, which produces directly calculated seasonal and annual climate variables and derives climate variables for specific locations (scale-free) based on latitude, longitude, and elevation (Zhang et al. 2017) . However, climate records in ClimateAP were only up to 2012, and we obtained the climate data of 2013 in Naxi from National Meteorological Observing Station of China. Both temperature and precipitation affect the physiological and growth processes of plant species (Leites et al. 2012; Ż ywiec et al. 2017) . Some reports mentioned that heat, water supply, and winter coldness may be key limitation factors causing tree death (e.g., Worrall et al. 2013; Camarero et al. 2015) . According to both literature and preliminary analyses, we selected a subset of climatic variables across the study sites most relevant to self-thinning for the Chinese fir plantations. The selected variables were mean annual temperature (MAT), annual precipitation (AP), mean warmest monthly temperature (MWMT), mean coldest monthly temperature (MCMT), degree-days below 0°C (DD_0), summer mean maximum temperature (SMMT), winter mean minimum temperature (WMMT), and spring mean temperature (SMT). The annual heat-moisture index (AHM = (MAT + 10)/(AP/1000)), an inverse form of the De Martonne aridity index (De Martonne 1926) , was used to indicate the annual heat and water supply (Rehfeldt et al. 1999 ). This index better reflects evapotranspiration and soil moisture content than precipitation and temperature alone (Zhang et al. 2014) . Large values of AHM indicate dry conditions, whereas low values of AHM represent relatively wet conditions. The summary statistics of climatic variables across the study sites are shown in Table 2 .
Modeling climate-dependent self-thinning line
Within early stages of monospecific plantations, stand density does not affect mortality because intraspecific competition for limited resources such as light, water, and nutrients has not yet started. The trajectory is close to a horizontal line. When trees continue to increase in size, some trees must die and the densitydependent death begins. The segmented regression technique (Gallant and Fuller 1973) has the ability to describe complicated functional forms and has been applied in modeling self-thinning trajectories (Cao and Dean 2008; VanderSchaaf and Burkhart 2008) . Zhang et al. (2016) used the following segment model to describe the self-thinning trajectories of Chinese fir:
(1) (2016) found that eq. 1 performed well on modeling self-thinning trajectories of Chinese fir, they did not take into account whether or not the self-thinning trajectories were affected by climatic conditions. To explore the effects of climatic variables on self-thinning trajectories in this study, the slope c in eq. 1 was re-parameterized by using climatic variables:
where Clim i is the climatic variables for time i listed in Table 2 . Two methods were explored to account for the autocorrelation among repeated measurements from the same plot: first-order autoregressive model, AR(1), Note: MAT, mean annual temperature; MWMT, mean warmest month temperature; MCMT, mean coldest month temperature; AP, annual precipitation; AHM, annual heat-moisture index; DD_0, degree-days below 0°C, chilling degree-days; SMMT, summer (June-August) mean maximum temperature; WMMT, winter (December (of previous year)-February) mean minimum temperature; SMT, spring (March-May) mean temperature.
and nonlinear mixed-effects model (NLME)
where is regression parameter, and v is random-effect parameter specific to each individual plot and assumed to be to be normally distributed with mean 0 and variance 2 . The AR(1) and NLME models were performed by use of SAS procedures MODEL and NLMIXED, respectively (SAS Institute, Inc. 2011). For the NLME model, the unstructured covariance method (Littell et al. 1996) was used for describing the variance-covariance structure of the random effect.
To avoid potential issues with multicollinearity, each climate variable was pre-selected by way of the variance inflation factor (VIF) test. A common rule of the test is that multicollinearity exists if VIF > 5. The VIF test was performed using SAS software (SAS Institute, Inc. 2011). Zhang et al. (2016) reported that the selfthinning trajectories from Jiangxi and Fujian were similar, and the likelihood ratio test confirmed that data from these two sites can be combined to fit the self-thinning equation. In this study, we modeled the self-thinning trajectory for each site (with data from Jiangxi and Fujian combined as one site) using the AR(1) and NLME methods. These methods are labeled AR(1)_NC and NLME_NC for models without climate variables and AR(1)_C and NLME_C for models with climate variables.
In addition, for identifying the contributions of selected climate variables to the self-thinning line, we used the hierarchical partitioning (HP), which calculates goodness of fit measures for the entire hierarchy of models using all combinations of independent variables and identify the average independent contribution of each variable to the model (Behrens et al. 1991; Chevan and Sutherland 1991) . The HP analysis was performed using the hier.part package in R software (Nally and Walsh 2004; R Development Core Team 2015) . Trends in climate variables were estimated using linear models.
Model evaluation
The following evaluation statistics of mean absolute difference (MAD) and R 2 were used to validate the AR(1) and NLME models: 
where y i is stand density for the ith observation, ŷ i and ȳ are predicted value and average, respectively, of y i , and n is number of observations. Models with lower MAD and higher R 2 values indicate a better fit to the data.
Results
Selection of climate variables
Based on the VIF test, we found that there was no multicollinearity (VIF < 5) among MAT, AP, DD_0, SMMT, and WMMT. The re-parameterized model for c is (7) c ϭ c 0 ϩ c 1 (MAT) ϩ c 2 (AP) ϩ c 3 (DD_0) ϩ c 4 (SMMT) ϩ c 5 (WMMT) Figure 3 shows the changes of MAT and AP with time during the study period. Linear model analysis revealed that MAT showed a significant increase in Fujian (p = 0.0003), a moderate increase in Jiangxi (p = 0.0686), and no significant change in Guangxi and Sichuan (p = 0.1881 and 0.3798, respectively). On the other hand, AP increased significantly in Jiangxi (p = 0.0135) but showed no significant changes in Fujian, Guangxi, and Sichuan (p = 0.2222, 0.7307, and 0.3478, respectively).
Effects of climate on self-thinning slope
In the AR(1) model, MAT, AP, DD_0, and SMMT were significantly correlated (p < 0.05) with the slope c of the self-thinning line, whereas WMMT was not. In contrast, all of the climatic variables were significant at 0.05 level in the NLME model (Table 3 ). The slope of the self-thinning line increased with increasing AP and SMMT and decreased with increasing MAT, DD_0, and WMMT. This suggested a steeper slope for areas with larger AP and SMMT and a flatter slope for areas with higher MAT, DD_0, and WMMT.
Except for the Jiangxi site, the slopes were significantly different between models with and without climatic variables (Fig. 4) , indicating that climate did affect the self-thinning line. Furthermore, the NLME model with climatic variables having larger R 2 value of 0.9917 and smaller MAD value of 0.0269 performed better than the model without climatic variables (0.9855 and 0.0368 for R 2 and MAD, respectively) using pooled data (Table 3) .
The hierarchical partitioning analysis showed that WMMT contributed the most to stocking (49.93%), followed by MAT, DD_0, AP, and SMMT (Fig. 5) . These results indicated that WMMT was the most important climate variable that contributed to self-thinning among the selected five climatic variables.
Comparing AR(1) with NLME
A t test showed that the mean of all slopes computing from four sites using the AR(1) model (−2.7504) was significantly different (p = 0.0273) from that using the NLME model (−3.0025). It means that the self-thinning line from the AR(1) model was flatter than the one from the NLME model. In Fujian, there was no significant difference (p = 0.3995) between slopes from the AR(1) and NLME models. We also found that both models performed well (R 2 > 0.99, Table 3 ) and the NLME model slightly better (larger R 2 and smaller MAD values, Table 3 ). Even though WMMT was the most important climate variable used to model the self-thinning line based on the hierarchical partitioning analysis, it was not significant at the 0.05 level in the AR(1) model. This suggests that the climatesensitive NLME model was the best model for analyzing selfthinning trajectories of Chinese fir in south China.
Effects of site on slope
Based on the climate-sensitive NLME model, slopes in four sites were different (p < 0.01) according to repeated measures analysis of variance (RANOVA) analysis. Furthermore, the Tukey post-hoc test following the overall effect analysis of RANOVA revealed that the differences of slope between Guangxi and Sichuan were not significant (p > 0.05), but slopes from any two of the other sites were significantly different (p < 0.05, Fig. 4 ).
Discussion
The self-thinning line is a very useful tool in forestry. A single self-thinning line has routinely been used to describe all conditions at a regional scale (Reyes-Hernandez et al. 2013; Toïgo et al. 2015) . However, the boundary lines varied among sites (or regions) for a given species (Brunet-Navarro et al. 2016; Charru et al. 2012) . In this study, we fitted self-thinning models that explain this variability at different sites to provide self-thinning trajectories accordingly. Note: All parameters were significantly different at level 0.05 other than 2 in the NLME_NC model. When combined, the R 2 and MAD (mean absolute difference between observed and predicted values) equals the goodness of fit, as models with lower MAD and larger R 2 values indicate a better fit to the data. "All" = all four sites together (pooled data).
Effects of climate on self-thinning line
The self-thinning line was thought to reflect trees competition for resources such as light, nutrients, and water. Some authors found the slope of the self-thinning line increased at better sites (Zeide 1987) . Reyes-Hernandez et al. (2013) proposed a new formulation of the self-thinning line that explicitly includes site quality indicators such as soil moisture and nutrient regimes. In this study, slope values of the self-thinning line decreased with increasing MAT, DD_0, and WMMT, which indicated that tree death decreased with increasing MAT, DD_0, and WMMT. However, some studies showed that rising temperature accelerated tree death (Mueller et al. 2005; Peng et al. 2011; Zhang et al. 2014) . In general, an increasing MAT decreases tree death probabilities physiologically, when water availability is not limiting (Zhang et al. 2017 ). In addition, Chinese fir is a shade-intolerant tree species, the growth of which tends to increase with high temperature (Wu 1984) , thus making the slope of the self-thinning line flatter. For sensitive species with extended growing season, higher values of DD_0 increased hardening, later dormancy, and risk of frost damage (Andrews 2016) , resulting in tree death. This explains why the self-thinning lines from our study tended to be flatter in areas with larger DD_0 values (Table 3) . A warm winter can extend the growing season, therefore increase radial growth and consequently stocking in the following year. The net result is the negative relationship between the WMMT and slope of the selfthinning line observed in this study. This was consistent with findings from a previous study (Kweon and Comeau 2017) . It is also said that warmer winter can accelerate dryness in the growing season and reduce waterlogging.
Tree death was mainly attributed to wet and dry years (Schmidt-Vogt 1989) , with wet years causing death of fine roots due to waterlogging (Vygodskaya et al. 2002) , which in turn increased soil erosion, slope failure, and phytophthora infection. The self-thinning slope in water-stressed conditions was flatter than in well-watered conditions . Vizcaíno-Palomar et al. (2016) found that higher precipitation in some sites might imply poorer soil quality, because of increased runoff and nutrient leaching in the soils. In line with these results, we found that steeper slopes for Chinese fir occurred in wet areas (Table 3) . In other regions, aridity was the primary explanation of limiting tree growth in tropical and lowland Mediterranean regions (Segura et al. 2003; Banin et al. 2012; Brunet-Navarro et al. 2016) . Water stress may alter the size symmetry of competition, as well as the level of stress (Chu et al. 2010) . However, in this study, the effect of AHM index on self-thinning line of Chinese fir was insignificant (p > 0.05), and this was removed in the final model. This might be because there was no water deficit in subtropical regions in this study.
Warm summers that results in increasingly severe soil moisture deficits would reduce tree growth and increase the likelihood of tree death (Neumann et al. 2017) . Chinese fir tends to live in warmer conditions, but it is not resistant to overly high temperature. Too high of a temperature would result in enhancing heat stress and heat-induced moisture stress, consequently accelerating tree death. In this study, we found that the self-thinning line of Chinese fir had a steeper slope in areas with high SMMT (Table 3) .
The dominant climatic factor in shaping the self-thinning line of Chinese fir was WMMT, followed by MAT, DD_0, AP, and SMMT (Fig. 5) . These findings were consistent with those from previous studies that temperature was the dominant factor affecting forest structures in humid mountains or regions with moisture sufficiency (Weaver and Murphy 1990; Pendry and Proctor 1997) . It indicated that temperature was a key climate driver that shape the self-thinning line of Chinese fir in subtropical China and provided the evidence that climate does have an influence on maximum stand stocking. Overall, the NLME model with climatic variables was superior to the one without climatic variables because of the spatial variability of climate (Table 3) .
Comparison with previous studies
VanderSchaaf and Burkhart (2007) found that a mixed-effects model performed better than a first-difference model in estimating the self-thinning line. Consistent with this result, the climatesensitive NLME model was superior to the AR(1) model for analyzing the self-thinning line of Chinese fir plantations in south of China. Zhang et al. (2016) , without considering the climate effects on self-thinning, reported that there were no significant differences among slopes of the self-thinning lines of Chinese fir in the Fujian, Jiangxi, and Guangxi sites. Comeau et al. (2010) provided additional evidence that self-thinning lines were influenced by environmental and other factors and indicate the need for development of a self-thinning line for each region for a given species. Here, we incorporated the climate variables into the selfthinning line models and found that site effects on slope were significant. In addition, slopes in Guangxi and Sichuan were not significantly different. It is noted that the site quality in Guangxi and in Sichuan are lower than that in the other two sites (Wu 1984) , which resulted in flatter slopes in Fujian and Jiangxi compared with those in Guangxi and Sichuan (Fig. 4) .
Based on self-thinning data from 12 of 14 species, Reineke (1933) found that the self-thinning slope was −1.605. Many authors have since questioned this result. Rivoire and Le Moguedec (2012) reported that slopes of species such as oaks (Quercus spp.), common beech (Fagus sylvatica L.), and Norway spruce (Picea abies (L.) Karst.) varied between −1.605 and −1.85. Charru et al. (2012) also found that the slope was species dependent, ranging from −1.941 to −1.615 for 1 temperate species in France. Comeau et al. (2010) mentioned that slope of the same species was influenced by site: slopes of Sitka spruce (Picea sitchensis (Bong.) Carrière) were −2.063 in Great Britain and −1.437 in Western Canada, whereas slopes of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) in Great Britain and Western Canada were −1.864 and −1.241, respectively. Most of the slopes mentioned above were larger than −2. Slope values larger than −2 indicated an increase in maximum basal area with increasing quadratic mean diameter (Q) according to the pipe model theory (Shinozaki et al. 1964; Mäkelä and Valentine 2006) . However, in this study, we found that slopes of the self-thinning lines (ranging from −4.1647 to −1.6355) were sensitive to climate, and slopes in four sites were smaller than −2, which suggested that the maximum basal area declined with increasing Q. This may be because the functional allometry of the trees changes (e.g., a substantial change in hydraulic architecture) with a decrease in resource availability or the efficiency of use of limiting resource with increasing size (Condés et al. 2017) .
In addition, describing the size-density relationship in response to climate change is crucial for developing climate adaptation strategies. The results suggest that the self-thinning lines of Chinese fir were different in four sites and could be modeled by use of climate variables. Therefore, more attention should be paid to these factors when we control the level of growing stock of Chinese fir through either initial spacing or subsequent thinnings to achieve specific management objectives.
Conclusions
This study characterized the climate-sensitive self-thinning trajectories of Chinese fir plantations by use of the AR(1) model and the NLME model in four sites in south of China: Fujian, Jiangxi, Guangxi, and Sichuan. The climate-sensitive NLME model simulated the self-thinning trajectories of Chinese fir plantations well. Chinese fir growing in areas with larger AP and SMMT had a significantly steeper slope but had a flatter slope in areas with higher MAT, DD_0, and WMMT. The dominant climatic factor in shaping the self-thinning line of Chinese fir was WMMT, followed by MAT, DD_0, AP, and SMMT, which suggested that temperature was the dominant factor affecting self-thinning of Chinese fir in subtropical China. Differences of slopes in any two of the four sites were significant, except between the Guangxi and Sichuan sites. Overall, inclusion of climate variables in self-thinning models can facilitate projection of the size-density relationship under future climate change conditions.
